Glial cells constitute without any dispute an essential element in providing an efficiently operating nervous system. Work in many labs over the last decades has demonstrated that neuronal function, from action potential generation to its propagation, from eliciting synaptic responses to the subsequent postsynaptic integration, is evolutionarily highly conserved. Likewise, the biology of glial cells appears conserved in its core elements and therefore, a deeper understanding of glial cells is expected to benefit from analyzing model organisms such as Drosophila melanogaster. Drosophila is particularly well suited for studying glial biology since in the fly nervous system only a limited number of glial cells exists, which can be individually identified based on position and a set of molecular markers. In combination with the well-known genetic tool box an unprecedented level of analysis is feasible, that not only can help to identify novel molecules and principles governing glial cell function but also will help to better understand glial functions first identified in the mammalian nervous system. Here we review the current knowledge on Drosophila glia to spark interest in using this system to analyze complex glial traits in the future.
| INTRODUCTION
Most animals move and therefore need to be able to detect external stimuli. The central nervous system (CNS) allows them to compute the sensory information to finally react with a given motor program. To do so, neurons communicate at synapses and transmit information encoded in action potential frequencies. The physical laws underlying neuronal action potential conduction have been first shown using an invertebrate system and surely also act in mammals. Likewise, learning and memory involves synaptic processes that again have been dissected in great detail in invertebrate models and subsequently were shown to operate in mammals, too. Thus, it can be assumed that the basic principles of neuronal function have evolved only once (Arendt, Tosches, & Marlow, 2016; Klämbt, 2013) .
A nervous system, however, generally houses more than one cell type and there is no doubt that glial cells constitute a major and essential element whose analysis has been neglected for many years.
As we are now beginning to dismantle the intricate relationship between neurons and glial cells we realize that the complexity of the mammalian models often hampers functional analysis. The questions are: Can we learn from invertebrate glia at all? Is it possible to extract basic functional properties from simple models such as Caenorhabditis elegans or Drosophila melanogaster to learn about mammalian glia given that for example myelin is considered to be a vertebrate-specific evolutionary invention?
To begin with, a clear definition of glial cells is required. One can define glia as non-neuronal cells of the nervous system derived from neural precursor cells. Based on this restriction, however, midline glial cells which are found within the invertebrate nervous system are not considered to be glia (Klämbt, Jacobs, & Goodman, 1991; Pereanu, Spindler, Cruz, & Hartenstein, 2007) . Likewise, microglial cells of the vertebrate nervous system would not be considered as glia as they originate from the yolk sac (Saijo & Glass, 2011) . Alternative to lineage, glial cells can be classified based on their function. A number of evolutionarily conserved functional features of glia has been identified including electrical insulation and metabolic support of neurons as well as the modulation of neuronal activity by regulating neurotransmitter homeostasis or direct influence on neuronal activity via gliotransmitters (Zuchero & Barres, 2015) . Here we will stick to a functional definition of glia and will summarize reports that associate all these functional features to the different Drosophila glial cells. The work of many labs witnesses that invertebrate models such as Kerem Yildirim, Johanna Petri, and Rita Kottmeier contributed equally to this work.
Drosophila are indeed helpful in understanding also mammalian glial cell biology and the ease of the system suggests that this line of research will grow over the next decade. The combination of extensive Gal4 driver collections, opto-and thermogenetics and the complete TEM based reconstruction of the larval nervous system will allow to decipher neuronal circuits to be deciphered in great detail.
Together with easy genome engineering using CRISPR based knockout or knockin approaches or the MiMIC technology this holds great promises for future work on glial cells (Diao et al., 2015; Li et al., 2014; Ohyama et al., 2015; Schneider-Mizell et al., 2016; Venken et al., 2011) .
| DROSOPHILA GLIOGENESIS
In Drosophila, glial identity is currently mostly defined by the presence of a specific homeodomain containing transcription factor, Reversed polarity (Repo). A second transcription factor used to define nonneuronal cells in the Drosophila nervous system is Tramtrack p69 which is expressed by all Repo positive cells, the midline glia and all tracheal cells (Giesen et al., 1997; Yuasa et al., 2003) . The nonoverlapping expression of these two factors already indicates that gliogenesis in Drosophila can take different routes.
First, Drosophila glial cells are generated during embryogenesis when the larval nervous system is established. The midline glial cells acquire their fate due to the function of the transcription factor Single-minded and the activity of the EGF-receptor signaling pathway (Klämbt, 1993; . They are derived from the mesectoderm and are found at the symmetry axis of the nervous system, where they participate in patterning of the nervous system by inducing cell fate and organization of axonal projections (Howard, Brown, Wadsworth, & Evans, 2017; Menne, Luer, Technau, & Klämbt, 1997) .
The midline glial cells show a stereotypic migration pattern and engulf the commissural axon tracts Stork et al., 2009; Wheeler et al., 2009; Wheeler, Kearney, Guardiola, & Crews, 2006) . Some transcriptional properties of this cell type have been deciphered (Fontana & Crews, 2012) but further functional studies are not yet reported.
All other remaining embryonic glial cells, which initially were also called lateral glial cells, appear to be specified by the activation of the transcription factor Glial cells missing (Gcm) and its related factor Gcm 2 (Hosoya, Takizawa, Nitta, & Hotta, 1995; Jones, Fetter, Tear, & Goodman, 1995; Kammerer & Giangrande, 2001; Soustelle & Giangrande, 2007; Vincent, Vonesch, & Giangrande, 1996) . Whenever Gcm is present in the neuroectoderm, a glial fate is established-while in the absence of Gcm a neuronal fate is chosen. Thus, glial cells appear to have an inherent primary fate to develop as neurons. In line with this assumption is the finding that the BTB/POZ transcription factor Tramtrack is required to suppress neuronal differentiation genes in glial and tracheal cells within the nervous system (Badenhorst, 2001; Giesen et al., 1997; Yuasa et al., 2003) . Importantly, the function of the transcriptional activator Gcm is not restricted to glial cells but is also required for the development of the embryonic hematopoetic cell lineage and only the latter appears conserved throughout evolution (Bernardoni, Vivancos, & Giangrande, 1997; C. J. Evans, Hartenstein, & Banerjee, 2003; Gold & Brück-ner, 2015) .
In glial cells, Gcm activates a set of downstream transcription factors which together control the execution of glial differentiation. One of the key factors is the homeodomain transcription factor Repo. repo mutants display mal-differentiated glial cells and repo null mutant embryos do not hatch. Interestingly, repo was first identified in a screen for mutations affecting the physiology of the adult visual system, suggesting that repo expressing glial cells contribute to potassium buffering in the adult visual system (Xiong, Okano, Patel, Blendy, & Montell, 1994) . How repo acts in differentiated glial cells is still not completely understood (Campbell et al., 1994; Halter et al., 1995; Mandalaywala et al., 2008; Xiong et al., 1994; Xiong & Montell, 1995) .
Already early on repo transcription is activated by Gcm, and then promotes the proteasome-mediated degradation of Gcm. In addition, Repo positively influences its own expression to become independent of Gcm resulting in a sharp early Gcm expression peak and sustained Repo expression in glia (Cattenoz & Giangrande, 2015; Flici et al., 2014; Ho et al., 2009 ; B. P. Lee & Jones, 2005; Xi et al., 2017) . In glial cells, Gcm also induces the expression of the transcription factors Pointed P1 and Tramtrack p69, which together control glial development and at the same time ensure suppression of neuronal differentiation genes (Giesen et al., 1997; Granderath, Bunse, & Klämbt, 2000; Klaes, Menne, Stollewerk, Scholz, & Klämbt, 1994) .
In adult flies, gliogenesis is additionally regulated by a homeostatic, miR-31 dependent mechanism. miR-31 function limits expression of an E3 ubiquitin ligase in neural progenitor cells to suppress the Cyclin-dependent kinase 9 (Foo, 2017) . This inhibitory mechanism is in place in adult neural progenitor cells-presumably to help to recover the glial cell population following induced ablation or injury (Foo, Song, & Cohen, 2017) .
In the peripheral nervous system (PNS), which includes the nerves that connect the ventral nerve cord with sensory organs and the musculature, the clear segmental organization of the Drosophila larva makes analysis relatively easy. In the nerves of the three thoracic as well as of the nine abdominal segments similar sets of glial cells develop, which are already specified during embryonic stages. During early embryogenesis, 12 peripheral glial cells (ePG1-12) are generated: three wrapping glial cells (ePG1,5,9), four subperineurial glial cells (ePG3,4,7,10) and three perineurial glial cells (ePG2,6,8) of which only ePG2 proliferates during larval development (von Hilchen, Beckervordersandforth, Rickert, Technau, & Altenhein, 2008) . ePG11 and ePG12 are distinct in their marker expression and ensheath the dorsal longitudinal or the transverse nerve where no other glial cell types are found (von Hilchen, Bustos, Giangrande, Technau, & Altenhein, 2013) .
Importantly, all peripheral glial cells are found at fixed positions and therefore appear genetically specified. Five of the peripheral glial cells are generated by sensory organ precursor cells (SOPs) (ePG4, 5, 10, 11, 12) and the remaining peripheral glial cells are generated by specific neuroblasts (NB). NB1-3 forms ePG1,3,7 and 9, NB2-5 forms ePG6 and 8 and NB5-6 forms ePG2 (von Hilchen et al., 2008) .
Once specified, peripheral glial cells migrate along the already established nerve bundles. The outward migration is initiated by the Netrin receptor Unc5, which mediates migration away from the CNS midline that expresses Netrin (von Hilchen, Hein, Technau, & Altenhein, 2010) . In addition, glial migration also depends on Notch signaling, EGFR/Ras/MAPK signaling, Nrv2 and Crn/HOW-dependent splicing of NeurexinIV (Edenfeld et al., 2006 (Edenfeld et al., ,2007 Sepp & Auld, 2003b , 2003a Sepp, Schulte, & Auld, 2000) . Termination of migration appears to be regulated by graded adhesive properties of axons and glial cells . The NCAM homolog Fasciclin 2 acts as a homophilic adhesion protein that is expressed in a graded manner on both glial cells and axons and regions of high Fasciclin 2 expression are thought to terminate glial migration. The fasciclin 2 gene generates several different protein isoforms through differential splicing. Interestingly, glial cells in flies and other insects express a GPI-anchored Fasciclin 2 isoform which is similar to mammals where the GPIanchored NCAM isoform is specifically expressed by glia (Higgins et al., 2002; Maness & Schachner, 2007; Wright & Copenhaver, 2000 ,2001 , pointing to a common evolutionary origin of glia.
In the Drosophila system, repo expression is used as a proxy for glial development as this gene is only expressed by glia. Repo-specific monoclonal antibodies have been established (DSHB, 8D12 provided by C. Goodman) and faithfully label glial nuclei in the fly nervous system. However, one should keep in mind that repo expression does not necessarily label all glial cells in the nervous system. The midline glia, which are a small set of specialized wrapping glia in the CNS, as well as the Mesencephalic astrocyte-derived neurotrophic factor (MANF) expressing cells which might correspond to microglial-like cells do not express Repo (Halter et al., 1995; Klaes et al., 1994; Palgi et al., 2009; Stratoulias & Heino, 2015; Walkowicz et al., 2017; Xiong et al., 1994) .
Likewise, the cone cells of the adult Drosophila compound eye, which based on molecular signatures show a remarkable homology to Drosophila and vertebrate glia only transiently express Repo (Charlton-Perkins, Sendler, Buschbeck, & Cook, 2017) . Thus, some new glial cell types may well be discovered in the future.
| DIVERSITY OF DROSOPHILA GLIAL CELLS
The Drosophila nervous system is comparably simple and only 10% of all neural cells are considered to be of glial nature. Several suggestions have been made to classify the different glial cell types (Freeman, 2015; Stork et al., 2008) . The currently accepted nomenclature identifies six distinct glial cell types: Perineurial and subperineurial glia, cortex glia, astrocyte-like and ensheathing glial cells and, finally, the PNS specific wrapping glia (Figure 1a-c) .
Drosophila provides the well-known wealth of genetic tools needed to dissect complex cellular functions in the context of a working brain. In particular, a number of promoter elements has been identified over the last years that allow to specifically target different glial cell populations (for references see Table 1 ). Thus, the different glial cell types can be labeled and specifically manipulated with astonishing precision. Moreover, several molecular markers exist, which allow to follow these glial cells, and the general glial transcriptome has been determined for embryonic stages (Altenhein et al., 2006; Egger et al., 2002; Freeman, Delrow, Kim, Johnson, & Doe, 2003;  Table 1 ).
It should be noted that the position of the different glial cells appears relatively invariant suggesting that very precise genetic FIGURE 1 Drosophila glial cells. (a) Schematic view of a larval Drosophila nervous system. The CNS comprises the two brain lobes and the ventral nerve cord (vnc). Here, all neurons project their axons and dendrites into the neuropil which harbors all synapses. The CNS is connected to the periphery via segmentally organized nerves (sn). The eye develops as a peripheral structure in the eye antennal imaginal disc which is connected to the brain lobes via the optic stalk (os). The red lines indicate the position of cross sections shown in (b) and (c). (b) Glial cells of the Drosophila nervous system. The entire nervous system is metabolically separated from the rest of the body by a glial blood-brain barrier. This metabolic barrier is made by two types of glia and a thick extracellular matrix called neural lamella (NL). The outermost layer of the blood-brain barrier is formed by the perineurial glial cells (PG). The perineurial glia comprises small cells with no contact to neurons. Directly below the perineurial glia lies the subperineurial glia (SPG). These cells establish a diffusion barrier by expressing pleated septate junctions (SJ). All neuronal cell bodies in the CNS reside in the cortex and are engulfed by cortex glia (CG). Axons, dendrites and synapses are found in the neuropil. This structure is targeted by astrocyte-like glial cells (AG) and engulfed as a unit by the ensheathing glia (EG). (c) In the peripheral nerves, glial cells of the blood-brain barrier appear very similar compared with the counterparts found in the CNS. In contrast, the wrapping glial cells (WG), which wrap the long axons of sensory and motor neurons, constitute a special cell type that is not found in the CNS control mechanisms are in place to direct individual glial cell fate decisions. In the following we introduce the different glial subtypes found in the fly nervous system and will then compare their function to the different mammalian glial cells.
| SURFACE GLIA
Every nervous system is metabolically separated from the rest of the body by the blood-brain barrier (Abbott, Rönnbäck, & Hansson, 2006; Carlson, Juang, Hilgers, & Garment, 2000; Tietz & Engelhardt, 2015) .
In Drosophila, the metabolic barrier separating the nervous system from the hemolymph is made by two types of surface glia. The outermost layer of the blood-brain barrier is formed by the perineurial glial cells (Figures 1 and 2 ). The perineurial glia comprises small cells with many protrusions but no contact to neurons (Awasaki, Lai, Ito, & Lee, 2008; Stork et al., 2008) . Directly below the perineurial glia lies the subperineurial glia. These cells establish a diffusion barrier by forming septate junctions Schwabe, Bainton, Fetter, Heberlein, & Gaul, 2005; Schwabe, Li, & Gaul, 2017; Stork et al., 2008 ). Both of these two glial cell types are found in the CNS and the PNS. The blood-brain barrier obviously has important implications on metabolic processes which have been recently summarized (Featherstone, 2011; Limmer, Weiler, Volkenhoff, Babatz, & Klämbt, 2014; Rittschof & Schirmeier, 2018; Rodrigues, Schmidt, & Klämbt, 2011; .
| Perineurial glial cells
These cells are born in the embryo but it is unknown how their fate is specified (Altenhein, Cattenoz, & Giangrande, 2016; . The perineurial glia generally do not contact neurons, with one notable exception (in the developing compound eye, see below). Instead they contact the hemolymph and ajoin the subperineurial glia (Volkenhoff et al., 2015) .
Currently no morphological or molecular differences between CNS and PNS derived perineurial glial cells have been reported, assuming that these cells share similar functional properties in all parts of the nervous system. During larval stages they adopt a spindle-like shape with fine filopodial processes, forming a cellular mesh rather than a tight cell layer (Stork et al., 2008) . In adults, perineurial glial cells expand in the dorsoventral axis (Awasaki et al., 2008;  Growth of the perineurial glia along the abdominal nerves is regulated in a cell non-autonomous manner by the underlying subperineurial glial cells. Upon activation of constitutively active Ras in the subperineurial glia, the perineurial glial cells respond with growth. This effect is mediated by phosphatidylinositol 3-kinase (PI3K) and its downstream kinase Akt (Lavery et al., 2007) . The authors also demonstrate that the cell non-autonomous effects are suppressed by expression of forkhead box O (Foxo), a transcription factor that is normally inhibited by Akt-dependent phosphorylation (Lavery et al., 2007) 
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Cut is also weakly expressed in SPG R95A08-Gal4 (Bauke et al., 2015) ; 11: (Auld, Fetter, Broadie, & Goodman, 1995) ; 12: (Li et al., 2014) ; 13: (Awasaki et al., 2008) ; 14: (Sun, Xu, & Salvaterra, 1999) . the nervous system, they also express the Dally-like heparan sulfate proteoglycan which is involved in the regulation of neuroblast proliferation (Kanai et al., 2018) . In addition, perineurial glial cells contribute to the deposition of the thick layer of extracellular matrix (ECM) called neural lamella and participate in the regulation of its stiffness and thus the shaping of the nervous system. In the absence of the neural lamella, or loss of integrin mediated contact to this structure, the nervous system fails to be condensed in its normal form and rather stays in its original embryonic appearance. In addition, the lack of the neural lamella or its altered stiffness disrupts migration of the perineurial glia FIGURE 2 Development of perineurial, subperineurial and cortex glial cells. The development of the indicated glial cell types is depicted. Some cells die during metamorphosis, others as for example the subperineurial glial cells appear to stay intact throughout life. The characteristic progression of glial differentiation is shown. Blue color indicates neuronal processes. Color code is as in Figure 1 . For further details see text (Kim et al., 2014; Meyer, Schmidt, & Klämbt, 2014; Pandey, Blanco, & Udolph, 2011; Petley-Ragan, Ardiel, Rankin, & Auld, 2016; Skeath et al., 2017; Tavares et al., 2015) .
| Subperineurial glial cells
The second cell type of the blood-brain barrier is the subperineurial glia. These glial cells are very large flat cells that during development become highly polyploid through endoreplication and endomitosis (Figures 1 and 2 ; Beckervordersandforth et al., 2008; von Hilchen et al., 2008; Schwabe et al., 2005 Schwabe et al., ,2017 Silies et al., 2007; Stork et al., 2008; Unhavaithaya & Orr-Weaver, 2012; von Stetina et al., 2018; Zülbahar et al., 2018) . The molecular mechanisms underlying the specification of subperineurial glial fate are unknown. The subperineurial glia is formed during embryogenesis and stays intact until end of larval stages and possibly persists until adulthood (Awasaki et al., 2008; Kremer, Jung, Batelli, Rubin, & Gaul, 2017; Omoto et al., 2016) . How growth of the subperineurial glial cells is adjusted to the growing nervous system is not entirely clear. In abdominal nerves, loss of the Egghead (Egh) protein, which is a mannosyltransferase that controls conversion of glucosylceramide to mactosylceramide, causes increased endomitosis which is largely due to aberrant activation of phosphatidylinositol 3-kinase (PI3K), insulin and FGF-signaling (Dahlgaard et al., 2012; Gerdøe-Kristensen, Lund, Wandall, & Kjaerulff, 2017) . Activity of the Hippo signaling pathway is also regulated by a miRNA (miR-285) which together with the RNA binding protein Multiple Ankyrin repeats Single KH domain (Mask) establishes a double-negative feedback loop to suppress polyploidity of the subperineurial glia .
To efficiently seal off the nervous system and to establish its metabolic insulation, subperineurial glial cells form pleated septate junctions (pSJ), which build the crucial occluding barrier (Banerjee, Bainton, Mayer, Beckstead, & Bhat, 2008; Baumgartner et al., 1996; Carlson et al., 2000; Schwabe et al., 2005; Stork et al., 2008) . Thereby, paracellular diffusion is prohibited and all hydrophilic molecules can only enter or leave the nervous system in a controlled manner DeSalvo, Mayer, Mayer, & Bainton, 2011; Mayer et al., 2009; Volkenhoff et al., 2015) . The transcriptome of the subperineurial and the perineurial glial cells has been determined, which shows that these cells are equipped with a large range of evolutionarily well conserved transporters to ensure nutritional homeostasis as well as the export of xenobiotics (DeSalvo et al., 2014; Hindle et al., 2017; Limmer et al., 2014) . The activity of efflux systems is in part regulated by a circadian clock (Zhang, Yue, Arnold, Artiushin, & Sehgal, 2018) .
Septate junction proteins are evolutionarily conserved and are also found in septate-like junctions established by myelinating Schwann cells or oligodendrocytes (Banerjee & Bhat, 2007) . In Drosophila, septate junction complexes show an amazing stability and exist without major remodeling for several days. To cope with the enormous growth of the subperineurial glial cells during development, most septate junctions are preassembled in a folded manner already during embryonic stages which are then stretched out during larval growth (Babatz, Naffin & Klämbt, 2018) . To date, more than 20 membrane or membrane-associated proteins are known including the conserved core components NeurexinIV/CASPR and Neuroglian/ NF150 (Faivre-Sarrailh et al., 2004; Hall et al., 2014; Jaspers et al., 2012; Nilton et al., 2010; Oshima & Fehon, 2011; Syed, Krudewig, Engelen, Stork, & Klämbt, 2011; Wu & Beitel, 2004) . The assembly of septate junctions depends on endocytosis but how and where junctional complexes are assembled is unknown (Tiklová, Senti, Wang, Gräslund, & Samakovlis, 2010) . One regulatory element reported to control septate junction formation is the G-protein coupled receptor Moody, which acts via the Regulator of G-protein Signaling (RGS) protein Loco on the formation of septate junctions Granderath et al., 1999; Schwabe et al., 2005) . Moody-dependent formation of actin-rich structures along the lateral membrane of the subperineurial glia requires myosin activation and controls blood-brain barrier function (Hatan, Shinder, Israeli, Schnorrer, & Volk, 2011) .
Homozygous moody mutants, however, are viable and have only a mildly affected blood-brain barrier (Stork et al., 2008) due to a compensatory formation of interdigitating cell-cell protrusions, resembling the evolutionary ancient barrier type found in primitive vertebrates or invertebrates such as cuttlefish (Stork et al., 2018; Babatz, Naffin & Klämbt, 2018) .
In addition to its blood-brain barrier function, the subperineurial glia also acts as a control element during the reactivation of quiescent neuroblasts in response to nutritional signals -possibly in conjunction with the perineurial glia (Kanai et al., 2018; Sousa-Nunes, Yee, & Gould, 2011; Spéder & Brand, 2014; Spéder, Liu, & Brand, 2011) .
Binding of a so far unknown signal from the fat body will result in secretion of insulin by the subperineurial glia. Interestingly, gap junctional coupling is needed to enable the subperineurial glia to respond to nutritional signals and to mediate the influence of metabolic changes on stem cell behavior (Holcroft et al., 2013; Spéder & Brand, 2014) . Thus, subperineurial glial cells, presumably together with cortex glial cells, provide a niche regulating neuroblast proliferation (Spéder & Brand, 2014 . Gap junctional coupling has been also shown for astrocyte-like glial cells, but no functional gap junctional coupling has been demonstrated between different glial cell types (MacNamee et al., 2016) . The latter is also supported by the fact that gap junctional coupling is only marginally required for glucose distribution in the brain (Volkenhoff, Hirrlinger, Kappel, Klämbt, & Schirmeier, 2018 ).
Subperineurial glia (as well as cortex glia, see below) are able to form lipid droplets under conditions of hypoxia and oxidative stress.
These lipid droplets are able to protect neural stem cells from oxidative damage (Bailey et al., 2015) . At the example of the Drosophila retina it was shown that glial lactate production triggered by oxidative stress can fuel lipogenesis in neurons. Subsequently, neuronal lipids are transported and stored in glia as lipid droplets to prevent neurodegeneration (Liu, MacKenzie, Putluri, Maletić-Savatić, & Bellen, 2017; Liu et al., 2015) . However, in contrast to the observations made in the Drosophila eye, in the central brain mitochondrial dysfunction results in cell autonomous accumulation of lipid droplets in glial cells and neurodegeneration (Cabirol-Pol, Khalil, Rival, Faivre-Sarrailh, & Besson, 2018) . It is possible, that defective mitochondria do not allow ß-oxidation of fatty acids, which has been shown to occur only in glial cells (Schulz et al., 2015) , and thus reduce the general nutritive abilities of glial cells.
| CORTEX GLIAL CELLS
The cortex glia provides the link between the subperineurial glia and neurons (Figures 1 and 2 ). These cells form a remarkable meshwork around neural stem cells and individual neurons (Pereanu et al., 2005) .
The cortex glia is generated by identified progenitors during embryonic stages . Proliferation is likely to occur during larval stages, as determined by an increase in nuclear counts, and is in part regulated by FGF-receptor Heartless (Htl) and Zydeco (Melom & Littleton, 2013) . Currently, the precise role of these oscillations is not known but possibly they affect the neighboring astrocyte-like glial cells, whose Ca 2+ dynamics clearly influence neuronal activity (Ma, Stork, Bergles, & Freeman, 2016; Zhang, Ormerod, & Littleton, 2017) . 
| NEUROPIL ASSOCIATED GLIAL CELLS
At the heart of the nervous system lies the neuropil which contains all dendrites, synapses and axons. The neuropil is flanked by two glial cell types, the astrocyte-like glial cells and the ensheathing glial cells (Figures 1 and 3 ). Both cell types originate from a common progenitor during embryonic stages and persist until the end of larval stages.
Then, they degenerate and are replaced by newly formed astrocytelike glial cells and ensheathing glial cells, secondary glial cells (Omoto et al., 2016; Omoto, Yogi, & Hartenstein, 2015) .
| Astrocyte-like glial cells
Drosophila astrocyte-like glial cells resemble their vertebrate counterparts in terms of morphological, molecular and functional aspects (Freeman, 2015; Ma et al., 2016) . . During the infiltration process, they tile with one another with only limited overlap (MacNamee et al., 2016; Peco et al., 2016; Stork et al., 2014) .
Larval astrocyte-like glial cells do not proliferate but instead they increase their nuclear and cytoplasmic size (Omoto et al., 2015) . They lose their characteristic branches and eventually undergo apoptosis during metamorphosis. Adult astrocyte-like glial cells are derived from secondary astrocyte-like glia precursor cells which originate from
Type II neuroblast lineages during early metamorphosis (Omoto et al., 2015) . In the beginning of metamorphosis, these spindle-shaped precursor cells proliferate and are evenly distributed over the neuropil surface (Omoto et al., 2015) . Later in metamorphosis, they start to send their processes into the neuropil and migrate along with axon bundles (Muthukumar, Stork, & Freeman, 2014; Omoto et al., 2015) .
Approximately 4,600 astrocyte-like glial cells are found in the adult central nervous system (Kremer et al., 2017) . influx might be regulated by neurotransmitter receptors which are expressed by astrocytes (Bazargani & Attwell, 2016) . In flies, astrocytic Ca 2+ levels oscillate and are increased following activity of tyraminergic and octopaminergic neurons and such astrocyte-like glial cells in turn suppress the activity of dopaminergic neurons (Ma et al., 2016) .
Moreover, astrocyte-like glial cells can also take over microglialike functions and participate in the removal of neuronal debris. They transform into phagocytes through activation of a cell autonomous, steroid dependent program at the end of larval life and are the primary phagocytic cell type in the pupal neuropil before they are replaced by newly generated astrocyte-like glial cells (Omoto et al., 2016; . The transcriptome of larval and adult astrocyte-like glial cells has been determined and now allows further comparative analyses between mice and Drosophila (Huang, Ng, & Jackson, 2015; Ng et al., 2016; Zhang et al., 2014) .
| Ensheathing glial cells
The ensheathing glial cells´flattened cell bodies reside on the surface of the neuropil. Compared with astrocyte-like glial cells, they do not infiltrate the neuropil but rather provide a compartmentalization by enwrapping the neuropil (Figure 3) . Nevertheless, as they ensheath the trachea they can invade into the neuropil but never form highly branched processes (Kremer et al., 2017; Pereanu et al., 2007) . gene (Hartline & Colman, 2007; Kretzschmar, Hasan, Sharma, Heisenberg, & Benzer, 1997) . In addition, glial hyperwrapping in the PNS can be induced by over-activation of receptor tyrosine kinases (Franzdóttir et al., 2009; Matzat et al., 2015) , indicating that Drosophila wrapping glial cells do in principle have the capability to form multiple membrane layers around an axon. Similarly, FGF-receptor signaling also instructs glial wrapping by the CNS-based ensheathing glia of the olfactory glomeruli (Wu, Li, Chou, Luginbuhl, & Luo, 2017) It is partially known how wrapping glial cell differentiation is controlled. During larval stages, morphogenesis of wrapping glial cells accompanying the abdominal nerves depends on an autocrine activation of the wrapping glial EGF-receptor (EGFR) by the NRG1 homolog Vein which resembles the mechanisms underlying remyelination by Schwann cells Stassart et al., 2013) .
Wrapping glial morphogenesis depends on Integrin and Laminin signaling (Petley-Ragan et al., 2016; Xie & Auld, 2011; Xie, Gilbert, Petley-Ragan, & Auld, 2014) and requires enzymes controlling sphingolipid biosynthesis (Ghosh et al., 2013) . In line with that, a role for the glycosphingolipid synthesis in peripheral glial development was shown in mutants of the glycosyltransferase egghead (Dahlgaard et al., 2012) . Nerves lacking egghead show an overgrowth of peripheral glia, possibly via activation of PI3K signaling. However, cell type-specific experiments for wrapping glia were not performed (Dahlgaard et al., 2012) . Interestingly, glycosphingolipids are necessary for full activation of the EGFR pathway during oogenesis (Pizette, Rabouille, Cohen, & Thérond, 2009 ) and could possibly have a similar role during wrapping glial cell development. Intracellular transport was also shown to be necessary for normal wrapping glial morphogenesis, as loss of kinesin heavy chain leads to perturbed morphology and reduced nerve conduction velocity in the periphery (Schmidt et al., 2012) .
However, the explicit influence of wrapping glial cells on electrical properties of the axon has not yet been determined due to the lack of specific Gal4 lines that would allow targeting of only wrapping glia.
In addition to modulating nerve conductance velocity, peripheral glial cells reach out to the neuromuscular junctions (NMJ). They secrete the Drosophila tumor necrosis factor alpha (TNF-α) Eiger which activates a prodegenerative signal through a TNF-α receptor expressed by motor neurons (Keller et al., 2011) . Synaptic debris can be removed by peripheral glia which are also able to induce formation of synaptic elements by secreting TGF-ß like ligands (Brink, Gilbert, Xie, Petley-Ragan, & Auld, 2012; Fuentes-Medel et al., 2009 .
| GLIAL CELLS DURING METAMORPHOSIS
At the end of the third larval stage the animals wander to a dry place to form the puparium. This process is dependent on the hormone ecdysone which also initiates a major remodeling of the animals' body metamorphosis and therefore persist from embryonic to adult stages (Awasaki et al., 2008; Omoto et al., 2016) . In the PNS, subperineurial glial cells were reported to increase in number during the second half of metamorphosis but it is not entirely clear whether these cells do not just undergo endomitosis (Subramanian et al., 2017; Unhavaithaya & Orr-Weaver, 2012) . During metamorphosis, peripheral nerves fuse and during this time wrapping glial cells first retract their processes to then regrow in the second half of metamorphosis to enwrap axons (Subramanian et al., 2017) . (Gupta, Kumar, Cattenoz, Vijayraghavan, & Giangrande, 2016) . In addition, N-cadherin accumulating in these glial cells affects migration efficiency (Kumar et al., 2015) . Since the wing nerves do not contain motor axons this experimental system provides the opportunity to specifically study the interaction of peripheral glial cells with sensory axons.
| EASY MODELS TO DECIPHER GLIAL BIOLOGY
An alternative model is the leg imaginal disc. Here, a large number of CNS derived glial cells move along nerves containing motor axons and sensory axons. Along their path, glial cells encounter at least three choice points where directional decisions are needed before they settle to differentiate into the well-known glial subtypes: perineurial glia, subperineurial glia and wrapping glia. In the leg imaginal disc system a surprisingly complex molecular heterogeneity was found suggesting that possibly functional differences exist between different perineurial glial cells (Sasse & Klämbt, 2016) . Interestingly, in this system it was
shown that glial-epithelial communication is required during nerve formation since glia require the expression of the guidance receptors PlexinA/B and Robo2 to detect repulsive ligands presented by the underlying leg imaginal disc epithelium to prevent breaking away from the nerve (Sasse & Klämbt, 2016) .
| OPTIC NERVE MODEL
The best understanding of the molecular underpinnings of peripheral glial development and function originate from the optic nerve model. The compound eye of Drosophila is a peripheral organ that develops from an epithelial structure called eye antennal imaginal disc. Within this epithelium neurogenesis is initiated and about 6,400 photoreceptor axons need to navigate towards the brain through the optic stalk. Here, a group of undifferentiated CNS derived perineurial glial cells that is generated already early during development starts to proliferate to subsequently migrate at the outside of the growing optic stalk onto the eye imaginal disc using subperineurial glial cells as a migration substrate (Choi & Benzer, 1994; Rangarajan, Gong, & Gaul, 1999; Silies et al., 2007) . 
| CONSERVATION OF PROCESSES
As discussed above, Drosophila comprises a well-defined set of glial cells which perform surprisingly similar functions as the different glial cells found in the mammalian nervous system. Moreover, summarizing the results of many laboratories demonstrates that Drosophila glia can serve as an experimental model to gain insights into mammalian glial biology. This may even be possible for processes such as the astrocyte-neuron lactate shuttle, the formation and function of the blood-brain barrier, the establishment of myelin or many glia related diseases.
| Developmental functions
Several developmentally important functions have been attributed to glial cells. Some glial cells perform pivotal functions during axonal pathfinding. Sparked by the classical finding of the Goodman lab stating that guidepost cells instruct the growth behavior of identified axons (Bastiani & Goodman, 1986 ), a quest of such functions was initiated in Drosophila. However, no clearcut roles of glial cells on early axonal patterning could be provided and even the gcm mutant has a suprisingly normal appearing axon pattern (Takizawa & Hotta, 2001 ).
The only exception can be seen for the midline glia which instruct the growth of commissural axons across the CNS midline by expressing the two guidance cues, Netrin and Slit (Howard et al., 2017) . Drosophila glial cells, however, participate in the adjustment of optic centers where they relay a signal from photoreceptors to induce lamina neuronal differentiation . Glial cells are also involved in regressive events and have some important roles during pruning. For example, restructuring of mushroom body axons requires an interplay with astrocyte-like glial cells (Awasaki & Ito, 2004; Hakim, Yaniv, & Schuldiner, 2014; Watts et al., 2004) .
Glial cells also aid regenerative responses in the Drosophila nervous system. For example, ensheathing glial cells are responsible to clear axonal debris after acute axotomy in the antenna or wing which requires Insulin receptor, Draper and MMP-1 activities (Doherty et al., 2009; Musashe, Purice, Speese, Doherty, & Logan, 2016; Purice et al., 2017) . In Drosophila larvae it was shown that injury also promotes the proliferation of Prospero expressing astrocyte-like glial cells (Kato, Forero, Fenton, & Hidalgo, 2011) . Glial proliferation requires the transmembrane protein Kon-tiki (Losada-Perez, Harrison, & Hidalgo, 2016) . Its vertebrate homolog is NG2 which is expressed by oligodendrocyte precursor cells and required for the normal proliferation (Kucharova & Stallcup, 2010) . A comprehensive discussion of the regenerative power of glial cells has been recently published (Hidalgo & Logan, 2017) .
| Blood-brain barrier
The mammalian blood-brain barrier is established by the interaction of endothelial cells, pericytes and astrocytes. In response to signals from pericytes, endothelial cells form tight junctions to block paracellular diffusion of solutes from the blood stream to the brain parenchyma (Armulik et al., 2010; Daneman, Zhou, Kebede, & Barres, 2010) . In addition, astrocytes have a modulatory role on barrier properties (Abbott et al., 2006; Obermeier, Daneman, & Ransohoff, 2013) . First, the endothelial blood-brain barrier appeared relatively late during evolution and animals at the evolutionary base of vertebrates such as rays and sturgeons comprise a glial blood-brain barrier like
invertebrates (Bundgaard & Abbott, 2008) . To establish an efficient diffusion barrier, these glial cells interdigitate and thereby prolong the diffusion path. A similar strategy to increase blood-brain barrier tightness is found in primitive vertebrates and some other invertebrates (Abbott & Bundgaard, 1992; Bundgaard & Abbott, 1992 Lane & Abbott, 1992) .
Second, the septate junctions formed by the subperineurial glial cells are also found in the mammalian nervous system, where septatelike junctions are established at the paranodal junctions between glial cell and axon to prevent leakage of solutes into the glial-axonal space.
Interestingly, the core proteins establishing septate junctions and septate-like junctions are conserved (Banerjee & Bhat, 2007; Bundgaard & Abbott, 2008) .
Third, xenobiotic exporters found in the mammalian blood-brain barrier are also found at the Drosophila blood-brain barrier (Hindle et al., 2017; Mayer et al., 2009 ).
In addition, the blood-brain barrier together with its immediate environment forms a neurovascular niche that is involved in the regulation of stem cell proliferation. This can be found in mammals as well as in flies (Licht & Keshet, 2015; Otsuki & Brand, 2017; Ottone et al., 2014) .
| Metabolic support
In general, neurons and glial cells live in an intimate relationship characterized by a pronounced division of labor. In the 1990s, the astrocyte neuron lactate shuttle was suggested (Pellerin & Magistretti, 1994 . Here metabolic activity is coupled to neuronal activity via the uptake of glutamate (Mächler et al., 2016) . This concept has been expanded to other glial cells including oligodendrocytes which detect axonal glutamate release to adjust their metabolic supply of axonal segments far away from the cell body (Fünfschilling et al., 2012; Lee et al., 2012; Saab et al., 2016) . Surprisingly, although the Drosophila brain is rather small and diffusion forces might be sufficient to account for the metabolic supply of nutrients, a similar metabolic coupling has been found in Drosophila (Delgado et al., 2018; Volkenhoff et al., 2015) . How metabolic activity of glial cells is coupled to neuronal activity is currently addressed.
| Wrapping and ensheathing glia
Wrapping of axons is a key function of glia. In mammals, this is conveyed by Schwann cells and oligodendrocytes. There is a clear functional as well as molecular similarity between non-myelinating Schwann cells and peripheral wrapping glia of Drosophila. Not only is the wrapping mechanism, but also the molecular pathways directing glial differentiation appear to be rather conserved Nave & Werner, 2014) . Also similar to vertebrate Schwann cell development, wrapping glial morphogenesis depends on Integrin and
Laminin signaling (Petley-Ragan et al., 2016; Xie et al., 2014; Xie & Auld, 2011) and requires several proteins involved in the sphingolipid biosynthesis pathway to reach normal conduction velocity in peripheral axons (Ghosh et al., 2013) . Whereas homology between wrapping glia and non-myelinating Schwann cells is relatively clear, the evolutionary roots of the Drosophila ensheathing glia are rather unclear.
Based on molecular markers, the central ensheathing glia appear to be similar to the peripheral wrapping glia. In fact, there is currently no promoter element known that is exclusively active in the wrapping glia. Based on morphology, further similarities exist between ensheathing glia and wrapping glia. Two of the centrally born ensheathing glial cells indeed follow axons up the CNS boundary and along these nerve tracts wrap axons. This wrapping function, however, is found only in the nerves. In the neuropil, where axons, dendrites, and synapses intermingle, no wrapping of individual axons is detected (Berck et al., 2016; Kremer et al., 2017; Larderet et al., 2017) . Given its ability to wrap around axons in the CNS we suggest that ensheathing glia most closely match oligodendrocytes-even though myelin is never formed in the Drosophila CNS. Considering the extensive transcriptome data available for different developmental stages of oligodendrocytes further analyses regarding evolutionary similarities of these cell types are now possible . Comparing oligodendrocyte precursor cells (OPCs) with myelinating oligodendrocytes reveals a large number of genes upregulated in the differentiated cell type. 19 of the top 50 of these genes have a clear fly homolog and another 10 genes might have homologs (Table 2 ). This list includes PLP1, a phosphatase, and an integrin which in flies have some glial expression (DeSalvo et al., 2014) . Similar results were obtained when comparing newly formed oligodendrocytes with myelinating oligodendrocytes (Table 3) pronounced tiling behavior with only very few overlapping territories.
Exuberating growth appears to be restricted by glial-glial interactions (Coutinho-Budd et al., 2017; Stork et al., 2014) . Astrocyte-like glial cells in Drosophila are electrically coupled as their mammalian counterparts and Ca 2+ waves can be detected (Ma et al., 2016; MacNamee et al., 2016) . They express enzymes regulating neurotransmitter homeostasis at the synapse, which are also found in mammalian astrocytes (Featherstone, 2011; Jackson & Haydon, 2008; Suh & Jackson, 2007) . Further comparative analyses of different staged Drosophila and mammalian astrocytes revealed many additional conserved molecular signatures between these cell types (Huang et al., 2015; Ng et al., 2016) .
| Disease models
Glial cells ensure the ion homeostasis which in Drosophila can be most easily studied in peripheral nerves, since influx of ions is usually accompanied by nerve swellings which are easy to detect. Loss of the Serine/Threonine kinase Fray, which is an orthologue of the mammalian PASK/SPAK kinase, causes a peripheral neuropathy and fluid accumulates in the interstitial spaces within the nerve. Similar to what is described for vertebrates, Fray/PASK/SAPK binds to and regulates the activity of the Na + -K + -Cl − cotransporter Ncc69, which is an orthologue of human NKCC1 (Leiserson, Forbush, & Keshishian, 2011; Leiserson, Harkins, & Keshishian, 2000) . A mutation in the well-known excitatory amino acid transporter EAAT1 (EAAT1 P290R ) causes Type 6 episodic ataxia (EA6) (Jen, Wan, Palos, Howard, & Baloh, 2005) .
Interestingly, expression of a mutant (human) EAAT1P-R protein in Drosophila glia also caused episodic paralysis of third instar larvae.
Moreover, the pathological symtoms in Drosophila could be traced back to abnormal Cl − conductance of EAAT1 and expression of the Na + -K + -Cl − cotransporter Ncc69, which normally allows chloride into cells, rescued the pathological effects caused by expression of EAAT1 P290R (Parinejad, Peco, Ferreira, Stacey, & van Meyel, 2016) .
Moreover, neurodegenerative diseases such as Alzheimer's, Amyotrophic lateral sclerosis (ALS), Huntington or Parkinson disease have been successfully modelled in Drosophila. In many cases an involvement of glial cells has been noted.
Alzheimer's disease leads to neuronal degeneration. It is the most frequent cause of dementia in human for which prevention or cure is not available to date. A Drosophila Alzheimer's model has been established and is now used to unravel therapeutic strategies. Interestingly, the highly conserved glial engulfment receptor Draper/MEGF10 provides neuroprotective abilities by blocking neurodegeneration and locomotor dysfunction, as well as reduced lifespan . In draper mutant animals Aß toxicity is increased, whereas enhanced expression of glial Draper engulfment receptor reverses Aβ accumulation, as well as behavioral phenotypes . Similarly, expression of the connective tissue growth factor (CTGF) facilitates Aβ uptake and subsequent degradation within primary mammalian glial cells (Yang et al., 2017) . Interestingly, this also operates in Drosophila, where glial-expression of CTGF reduced Aβ deposits, improved locomotor function, and rescued memory deficits again highlighting the close evolutionary relationships between fly and mammalian glial cells (Yang et al., 2017) .
Amyotrophic lateral sclerosis (ALS) is a devastating non-cell autonomous, multifactorial disease where many cell types, including glia, using divergent disease mechanisms converge to the focal death of motor neurons and currently no effective therapeutic treatment is available to halt or delay the disease from progressing (Philips & Rothstein, 2014) . Interestingly, ALS can be modeled in the Drosophila system as well and a contribution of glial cells to the pathology has been reported by using this model (Diaper et al., 2013; Romano et al., 2015 ).
Huntington's disease is caused by an expanded polyglutamine tract within the Huntingtin protein. Huntingtin is broadly expressed in the nervous system and alterations in both glial (astrocytic) or neuronal mechanisms can contribute to the Huntington disease pathology (Khakh et al., 2017) . In Drosophila, a Huntington-like disease phenotype can be modeled by expressing a mutant Huntingtin protein selectively in glia. An increased energy metabolism alleviated this phenotype, whereas increased oxidative stress defense rescues neuronally but not glial-induced pathology (Besson, Dupont, Fridell, & Lié-vens, 2010) .
| CONCLUSIONS
We anticipate that the ever-growing technical possibilities offered by the Drosophila system will in the future allow research to dismantle the functions of many disease related proteins for glial physiology.
Moreover, in the future we will witness how Drosophila contributes to deciphering the contribution of glial cells to the computing of complex behavioral traits ranging from locomotion, learning and memory or the regulation of circadian rhythms (e.g. Ma et al., 2016; Ng, Tangredi, & Jackson, 2011; Suh & Jackson, 2007; You, Fulga, Van Vactor, & Jackson, 2018) . In this respect, Drosophila may not only serve as a discovery tool for new components underlying glial differentiation but may also help to decipher the molecular network these genes are embedded in.
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